The charged lepton flavor violation process is a clean and sensitive probe of new physics beyond the Standard Model. A sensitivity study is performed to the process τ − → γµ − based on a 3 fb
I. INTRODUCTION
Lepton flavor violation (LFV) in charged lepton decays is forbidden in the Standard Model (SM) and is highly suppressed even if mixing between neutrino flavors is taken into account [1] since the rates of LFV processes are suppressed by the fourth power of mν mW , where m ν and m W are the masses of neutrino and W boson [2] , respectively. On the other hand, the rates of LFV may be enhanced to observable level in various new physics scenarios beyond the SM, such as the Minimal Supersymmetric extension of the SM (MSSM) [3] , Grand Unified Theories [4] , and seesaw mechanisms [5] .
In these models, τ decay is an ideal probe to new physics because it is the heaviest charged lepton with many possible LFV decay modes. The branching fractions from the model predictions are in a range of 10 −9 ∼ 10 −7 [6] , which are as high as the experimental sensitivity in current B-factory experiments, and the radiative decays τ − → γµ − and τ − → γe − are regarded as golden channels [7] . LFV process can also be searched for in µ − → e − conversion. SINDRUM II Collaboration studied µ − → e − conversion in a muonic atom, giving R µe = σ(µ − Au → e − Au)/σ(µ − Au → capture) < 10
at a 90% confidence level (C.L.) [8] . Future Mu2e experiment is expected to reduce the upper limit of R µe to 6 × 10 −17 [9] .
Observation of LFV will be a clear signal of new physics, it directly addresses the physics of flavor and of generations. The searches for LFV have been a long history (for a review, see Ref. [6] ), however, no evidence has ever been observed. The best upper limits at a 90% confidence level are B(τ − → γµ − ) < 4.4 × 10 −8 and B(τ − → γe − ) < 3.3 × 10 −8 , obtained by the BaBar ex- * Electronic address: shencp@buaa.edu.cn periment using 963 million τ decays [10] .
For a τ − → γµ − search at the B-factories, the dominant background originates from e + e − → τ + τ − with initial state radiation (ISR), i.e., e + e − → γ ISR τ + τ − , where one of the τ s decays semi-leptonically and the final state lepton and the ISR photon compose signal candidates [10] . Such a background can be avoided at the lower center-of-mass (CM) energy ( √ s) at a τ -charm factory. Figure 1 shows the photon energy distributions for √ s = 4.0, 4.26, 4.6 and 10.6 GeV, from Monte Carlo [11, 12] . We can see that the background of e + e − → γ ISR τ + τ − , where the ISR photon is misidentified as arising from τ decays, can be removed easily by accepting as signal candidates only those photons whose energy lies above a certain threshold at 4.0 and 4.26 GeV without efficiency loss. Thus the expected background level is much lower at around 4 GeV than at higher energies.
A super τ -charm factory, called High Intensity Electron Positron Accelerator (HIEPA) [13] , is being proposed in China. The design peak luminosity is (0.5
GeV with an energy range of 2 to 7 GeV. The HIEPA detector is designed to be consists of a small-cell main drift chamber (MDC) with 48 layers, an electro-magnetic calorimeter (EMC), a ring imaging cherenkov counter (RICH) for particle identification, and a muon detector using muon telescope detector (MTD) method. For the expected performance of each subdetector, see Ref. [13] .
The e + e − → τ + τ − events will be produced copiously above the τ τ threshold. This will make a search for the LFV process τ − → γµ − possible. As has been shown in Fig. 1 , the background level is expected to be much lower at a τ -charm factory than at B-factories, and therefore it is of great interest to know what sensitivity HIEPA can reach in searching for τ − → γµ − and other LFV processes. In this article, we present a MC study for searching for the LFV process τ − → γµ − using a 3 fb −1 inclusive MC sample and estimate the sensitivity of measuring B(τ − → γµ − ) at √ s = 4.26 and 4.6 GeV. We also extrapolate our study to obtain a sensitivity on B(τ − → γµ − ) versus integrated luminosity at 4.26 GeV. Finally we estimate the integrated luminosity needed at HIEPA to reach the current best upper limit of B(τ − → γµ − ) < 4.4 × 10 −8 and to compete with the sensitivity of 10 −9 that the Belle-II experiment is expected to achieve in the near future.
We have undertaken these studies assuming that the general performance of the detector constructed for HIEPA will be similar to that of the BESIII detector [14] . We do the MC simulations in the framework of BESIII offline software system (boss) [15] . In the next section, we first briefly introduce the BESIII detector and boss, and then present the inclusive MC samples we used for the background study for τ − → γµ − .
II. BESIII DETECTOR AND INCLUSIVE MC SAMPLES
The BESIII detector is a magnetic spectrometer operating at the BEPCII Collider. The cylindrical core of the BESIII detector consists of a helium-based main drift chamber, a plastic scintillator time-of-flight system (TOF), and a CsI (Tl) electromagnetic calorimeter, which are all enclosed in a super-conducting solenoid magnet providing a 1.0 T magnetic field. The solenoid is supported by an octagonal flux-return yoke with modules of resistive plate muon counters (MUC) interleaved with steel. A detailed description of the BESIII detector is provided in Ref. [14] .
The optimization of the event selection and the estimation of physics backgrounds are performed through MC simulations. The geant4-based simulation software boost [16] includes the geometric and material description of the BESIII detector and the detector response and digitization models, as well as the tracking of the detector running conditions and performance. The analysis is performed in the framework of boss [15] which takes care of the detector calibration, event reconstruction and data storage.
The production of the charmonium resonance is simulated by the MC event generator kkmc [11, 12] , while the decays are generated by EvtGen [17] for known decay modes with branching fractions being set to the PDG [2] world average values, and by lundcharm [18] for the remaining unknown decays. The processes
and(q = u, d, s) are also simulated using kkmc based on precise predictions of the electroweak SM. The generator babayaga is used to generate e + e − → e + e − , µ + µ − , γγ, and π + π − processes [19] . BesTwogam is an inclusive generator developed from the generator Twogam based on the equivalent photon approximation approach and using full quantum electrodynamics differential cross section for the process e + e − → ff + nγ, f = τ, µ, d, s, c [20] . For more information on the generators used at BESIII, see Ref. [17] .
Signal MC samples of e + e − → τ + τ − , τ − → γµ − , τ + → anything are generated at √ s = 4.26 and 4.6 GeV, to determine the detection efficiencies. Tables I and II summarize the generated MC samples for background studies at √ s = 4.26 and 4.6 GeV, respectively. Except for e + e − → µ + µ − , τ + τ − , and qq, the sizes of the generated MC samples for the other processes are less than 3 fb −1 since they can be removed completely after applying some initial event selection criteria (discussed below) due to small production cross section or low detection efficiency.
III. EVENT SELECTION AND BACKGROUND ANALYSIS
We search for τ − → γµ − events using a tagged method, as depicted in Fig. 2 , to suppress backgrounds. The signal side is τ − → γµ − while the tag side should contain a charged particle that is not a µ (denoted as / µ), neutrino(s) and any number of photons.
We select events that have exactly two good oppositely charged tracks and at least one good photon.
Good charged tracks are reconstructed from MDC hits. To optimize the momentum measurement, we select tracks in the polar angle range | cos θ| < 0.93 and require that they pass within ±10 cm of the interaction point in the beam direction and within ±1 cm of the beam line in the transverse direction. Electromagnetic showers are reconstructed using energy deposited in clusters of EMC crystals. The efficiency and shower energy resolution are improved by including energy deposits in nearby TOF counters. Showers identified as photon candidates must satisfy fiducial and shower-quality requirements. The minimum energy is 25 MeV for barrel showers (| cos θ| < 0.8) and 50 MeV for endcap showers (0.86 < | cos θ| < 0.92). To exclude showers from charged particles, a photon must be separated by at least 10
• from any charged track. EMC cluster timing requirements suppress electronic noise and energy deposits unrelated to the event.
We do a kinematic fit imposing energy and momentum conservation on the τ − → γµ − for the signal side and the τ + → (n)π 0 π + ν τ (n = 0, 1, 2) for the tag side hypotheses based on the total number of selected good photons (N γ ), i.e., π + ν τ for N γ = 1 or 2; π 0 π + ν τ for N γ = 3 or 4; and π 0 π 0 π + ν τ for other cases. Here the reconstructed momenta of two photons have been constrained to the π 0 mass. Then we require χ 2 < 13 from the kinematic fit. We require the recoil mass of γµ − to lie within the τ + nominal mass region (1.70 < M recoil γµ − < 1.81 GeV/c 2 ).
For each charged track, the muon in the signal side or the non-muon ( / µ) in the tag side, the information from the MUC and MDC is used for particle identification. Tracks with positive penetration depth in MUC are identified as muons since the penetrability of muon is much larger than the other charged tracks. For the / µ candidate, the penetration depth in MUC is required to be less or equal zero.
Considering the penetration depth in MUC of the muon (Dep µ ) varies with its momentum (P µ ), a twodimensional (2D) requirement is added to further suppress the backgrounds due to the particle misidentification (mainly from e + e − →→ π + π − + X and e + e − → τ + τ − , τ → π + X): Dep µ > (65 × P µ − 36.5) cm for P µ < 1.1 GeV/c and Dep µ > 35 cm for P µ ≥ 1.1 GeV. Figure 3 shows the scatter plots of the Dep µ versus P µ in the signal side at 4.26 and 4.6 GeV, where the upper region of the solid line is the required signal region.
The backgrounds from µ-pair final states are e + e − → γ ISR µ + µ − with the ISR photon(s) misidentified as the signal photon. To suppress such background events, we require | cos θ Pmiss | < 0.93, where P miss is calculated by subtracting the sum of momenta of all charged tracks and the signal photon from the initial momentum of the e + e − system and θ Pmiss is the polar angle of P miss . Figure 4 shows the cos θ Pmiss distributions at 4.26 and 4.6 GeV, from which it is evident that e + e − → γ ISR µ + µ − backgrounds are very different from the signal events in polar angle distribution.
Under zero signal events assumption, we optimize the above selection criteria to obtain the most stringent upper limits. We maximize the figure of merit, F = ǫ/N UL , where ǫ is the efficiency for detecting τ − → γµ its on the number of expected signal events that is obtained with the expected background and no produced signal [21] . The average limits N UL are calculated from the number of generic MC background events surviving the selection criteria and scaled to data size.
After applying all the above event selection, signal candidates are examined in the 2D space of the invariant mass (M γµ − ) and the difference of their energy from the beam energy in the e + e − CM system (∆E). For a signal, M γµ − will center on the the τ -lepton mass and ∆E on zero. We define a elliptical signal region which contains 90% of signal events according to signal MC simulations. Figure 5 shows the scatter plots of M γµ − versus ∆E at 4.26 and 4.6 GeV, where the shaded boxes are from the MC signal simulations and the dots are from the backgrounds shown in different colors from different sources. With the generated integrated luminosity of 3 fb −1 , 5 and 11 background events survive in the signal ellipses at 4.26 and 4.6 GeV, respectively.
IV. RESULTS AND DISCUSSION
We determine upper limit on the branching fraction B(τ − → γµ − ) at 90% C.L. with the following formula:
where
, and L are the Poisson average Feldman-Cousins 90% C.L. upper limit on the number of expected signal events mentioned above [21] , the detection efficiency, the radiative correction factor obtained from the ratio of the e + e − → τ + τ − cross sections with the ISR turned on and off in kkmc [22] generator, the vacuum polarization factor, and the integrated luminosity, respectively.
The upper limits on the expected signal events are 7.50 and 10.6; the Born cross sections σ(e + e − → τ + τ − ) are 3.56 and 3.38 nb; the radiative correction factors 1 + δ are 0.96 and 0.98, the detection efficiencies are 5.92% and 5.90%, and the vacuum polarization factors |1 − Π(s)| 2 are both 0.98 [23] [24] [25] [26] for √ s = 4.26 and 4.6 GeV, respectively.
With the integrated luminosity of 3 fb −1 at 4.26 and 4.6 GeV, the upper limits on B(τ − → γµ − ) are determined to be less than 6.1 × 10 −6 , and 8.9 × 10 −6 for √ s = 4.26 and 4.6 GeV, respectively.
In calculating the above upper limits, we count the number of expected background events in the 90% signal region. If we take the 68.3% signal region (1σ), 4 and 6 background events survive, and the detection efficiencies become 4.6% and 4.55%, respectively, at √ s = 4.26 and 4.6 GeV. The upper limits on the expected signal events are 6.6 and 8.3, which correspond to 6.9 × 10 −6 and 9.0 × 10 −6 upper limits on B(τ − → γµ − ) at 4.26 GeV and 4.6 GeV, respectively. The signal region selection could be further optimized with much larger MC inclusive samples in the future.
To estimate how large a data sample is needed for HIEPA to achieve the current best upper limit on B(τ − → γµ − ), we calculate B(τ − → γµ − ) under the assumptions of the integrated luminosity of 0.5, 1, 1.5, 2 and 2.5 fb −1 using the same method. Since the sensitivity of B(τ − → γµ − ) at 4.26 GeV is better than that at 4.6 GeV with the same integrated luminosity, here we just study the sensitivity versus the integrated luminosity at 4.26 GeV. Figure 6 shows the estimated 90% C.L. upper limits versus the integrated luminosity at √ s = 4.26 GeV. The solid line shows the fitted result with a function of αL β , where α and β are free parameters. From the fit, we obtain β = −0.632 ± 0.072. With the fitted results, HIEPA needs to take at least a 6.34 ab −1 data sample to obtain the current best upper limit of 4.4 × 10 −8 . The Belle-II experiment is going to take data beginning in 2018 with a design luminosity of 8 × 10
35 cm −2 s −1
at the Υ(4S) peak, and its integrated luminosity will reach 50 ab −1 by 2024. With this sample 5 × 10 10 τ -pair events will be accumulated, and a sensitivity of 1 × 10
is expected for B(τ − → γµ − ) if the Belle-II signal-tobackground conditions are the same as that of Belle [27] . To achieve a similar sensitivity, HIEPA needs to take at least 2051 ab −1 data sample. It means HIEPA can not compete with Belle-II without improving the detector performance over BESIII detector.
The remaining backgrounds are due to the µ and π misidentification in the framework of BESIII offline software system. Fortunately, the expected µ/π separation power will increase a lot (> 10 times) at HIEPA compared to BESIII [13] . Therefore, the particle misidentification backgrounds can be further suppressed at HIEPA significantly. Assuming negligible background level the 90% C.L. upper limit on B(τ − → γµ − ) is expected to be proportional to 1/L, to reach 1 × 10 −9 sensitivity HIEPA needs to take at least a 18.3 ab −1 data sample for a design peak luminosity of 0.5 × 10 35 cm −2 s −1 at 4.26 GeV.
